Résumé. 2014 On présente un ensemble de résultats sur la spectroscopie hyperfine de l'iode obtenus avec le laser à argon ionisé. Nous décrivons notre spectromètre à absorption ou dispersion saturées ainsi que le comportement de Abstract. 2014 We present results on the hyperfine spectroscopy of 127I2 obtained with argon lasers. We describe our saturated absorption or dispersion spectrometer and we discuss the pressure dependence of the saturation line shapes. At 5 145 Å we have measured the frequency differences between the main resonances of the 43-0 P(13) and R(15) hyperfine manifolds with a 200 Hz standard deviation and obtained a theoretical fit with a standard deviation of the order of 1.5 kHz. The two sets of hyperfine constants for P(13), and R(15) are consistent. The results of Foth and Spieweck are confirmed for the 58-1 R(98) line at 5 145 Å and we make a first determination of the constants d' and 03B4' of the 62-0 R(26) line at 5 017 Å. The variation of these constants near the dissociation limit is interpreted as a demonstration of a mixing of u and g states. The stability of argon lasers slaved to iodine peaks is illustrated and their metrological applications are outlined.
J. Physique 42 ( 1981 ) [21, [39] [40] [41] [42] [43] [44] , the results obtained in our laboratory with argon lasers.
Doppler-broadening can be greatly reduced using either mechanical velocity selection in a molecular beam or optical velocity selection with non-linear spectroscopic methods. In the case of 12 both approaches have been widely used and permanently challenging each other and one may hope that they will ultimately be combined in the future. The molecular beam approach has been thoroughly explored by S. Ezekiel and his co-workers and in fact the first ever resolved hyperfine components in the visible spectrum of 12 were recorded with this technique [2] and the argon laser at 5 145 A in 1967.
As early as 1969 the inverted Lamb-dip technique of Lee and Skolnick [3] was used for 127 12 [4] and 129I2 [5] with the HeNe laser at 6 328 A. In 1971 Hânsch et al. [7] were able to record the full manifold of 21 components of the P(117) line of the 21-1 band of the B ---X transition with the Kr+ laser at 5 682 A. For the first time the iodine cell was removed outside the laser resonator and a very sensitive scheme to detect saturated absorption was used : in this method the saturating beam is chopped and the induced amplitude modulation of the probe beam is detected [8] . At 6 328 A the work of Hanes and Dahlstrom was extended by Hanes et al. [9, 10] who used Zeeman broadening of the laser gain profile and a Fox-Smith mode selector to detect and measure the P(33) line of the 6-3 band approximately 700 MHz to the red of the R(127) line (see also [11, 12] ). Because of the moderate value of J they could obtain the values of both nuclear quadrupole coupling constants as well as ACI and they showed that the fit was improved by taking into account the 2nd order quadrupole coupling with AJ = ± 2.
The years [1971] [1972] [19] and both experiments yielded comparable values for eQq".
In 1973 the Canadian group of Hanes et al. [20] gave improved measurements at 6 328 Á using the third harmonic of the modulation frequency to discriminate against the broad background. The [21] . The same year a major challenge was offered to saturation spectroscopy by Ezekiel et al. [22] [23] and scalar spin-spin [24, 25] interactions. The R(127) line of the band and the P(13) line of the (43-0) band were fitted with standard deviations respectively of 17 and 6 kHz [26] . At this point the evidence of higher order terms such as the magnetic octupole term was still controversial [24] [25] [26] [27] .
The following years see a vast experimental effort to extend and improve the techniques both of saturation spectroscopy and of molecular beam spectroscopy. New lines are investigated with gas lasers [28] [29] [30] but mainly two new tools have appeared and become operational for iodine spectroscopy : the dye laser [31] [32] and the supersonic beam [33] . It is then possible to attempt systematic studies even for low J values. On the theoretical side M. Broyer and J. Vigué in their thesis works [34] [35] in Pr. Lehmann's group give a detailed and complete derivation of a formal hyperfine hamiltonian with an estimate of the order of magnitude of the higher order terms [36] and carry an ab initio calculation of hyperfine constants in good agreement with the experiments [37] . In 1980 Ezekiel and his co-workers [38] published a new fit of the P (13) and R (15) hyperfine structures at 5 145 Á with respectively 2.6 and 5.4 kHz for the standard deviations without any octupole term as expected from the very small contribution of this term estimated by Broyer et al. [36] .
Our own work starts in 1973 with saturated dispersion at 5 145 Á [21] . At [39] and a saturation spectrum very comparable to the molecular beam spectrum is presented in [40] .
The present version of the spectrometer is described in part 2 of this paper. With this apparatus we have tried to get an improved understanding of the line shapes, accurate values for the hyperfine splittings and metrological implications have been studied in detail [41] .
The influence of the recoil shift has been analysed in a previous paper [42] and some other aspects of the line shape dependence with pressure are outlined in the present paper.
The 12 spectra at 5 145 A and 5 017 A and accurate nuclear coupling constants have been presented at the 1979 Tours Conference [43] and an account of these results can be found in [44] . These spectra and their fit is the subject matter of sections 3 and 4. For the first time this fit has required the introduction of a spin-rotation interaction in the ground state of I2 [44] . The value of the spin-rotation constant (-3 kHz) has since been confirmed by a double resonance study of the ground state hyperfine transitions [45] . In [21] to an adaptative system that can be suitably modified to monitor either saturated absorption or dispersion [40] [41] [42] and which has also been used recently to allow for heterodyne saturation spectroscopy [46] (which is a refined version of the saturation chopper method [8] The saturated dispersion version is the ring interferometer of figure lb. Here again a difference signal is produced between the two outputs of the interferometer. Without any tuning element the interferometer would give a signal proportional to the square of the non-linear susceptibility modulus on a dark background [47] . A signal proportional to the non-linear dispersion is produced when the interferometer is tuned with a birefringent plate and the optimum signal is obtained with a quarter-wave plate introducing a n/2 phase difference between the two perpendicularly polarized counter-propagating beams [21] .
The laser frequencies are modulated by varying the length of the external resonators and the saturation signals are obtained by synchronous detection at any desired harmonic of the modulation frequency. One of these devices, locked to an iodine peak is used as a frequency reference. The other one may either be locked in turn to the different peaks whose frequencies are to be measured or be locked, with a tunable frequency offset, with respect to the first laser for line shape studies (Fig. 2) . A quantitative study of the signalto-noise properties of this spectrometer as well as a detailed description of the servo-loops can be found in [41] . Fig. 2) ). This line shape can be fairly well represented by the lst harmonic of a frequency-modulated Lorentzian response [41] . The corresponding halfwidth extrapolated to vanishing modulation amplitude and vanishing laser power is plotted versus pressure on figure 4 . The non-linear dependence versus pressure is a direct consequence of weak elastic collisions and is in good agreement with theoretical predictions [48] [49] . The shift of the line centre can be studied by beating a laser locked to 12 in a variable pressure cell with a fixed frequency laser. As can be seen on figure 5 there is also a non-linear dependence of the shift versus pressure which results from many factors : weak elastic collisions, recoil doubling with unequal intensities of the two components, wavefront curvature shift, residual electronic offsets. This pressure dependence of the shift is still under investigation to discriminate between the combined influences of the various processes. The magnitude of these shifts makes it compulsory to use a frequency difference procedure to obtain accurate frequency differences between lines : one laser is locked to a reference peak and the second laser is locked successively to the two lines whose frequency difference is to be measured in order to minimize the various shifts that could come from the lack of reproducibility between the two systems. The relative stability of the two lasers is characterized by an Allan variance plot (a(2, T, T) vs. i) [50] given in figure 6 .
Most frequency measurements have been performed with a few seconds counting time for which the Allan variance is of the order of 5 x 10-14. Kroll [6] ; the tensorial spin-spin interaction dâCTSS was introduced by Bunker and Hanes [23] , the scalar spin-spin interaction bJesss by Ezekiel et al. [25] . The last four terms have been theoretically introduced in an analysis of small hyperfine terms [36] .
This analysis proves also that the magnetic octupole interaction, once introduced [25] , is in fact negligible at the present level of accuracy. Finally, it has been recognized early [9] that the terms of the quadrupole interactions, non diagonal in the rotational quantum number, are important ; we must therefore use a basis set containing not only the level v, J but also the levels v, J ± 2 and in some cases v, J ± 4. Therefore before diagonalization, we must introduce the rotational Hamiltonian JeR. It is diagonal in thé JI F ) basis set and its eigenvalues are given by the usual spectroscopic expansion :
We have used the values published by Luc and Gerstenkorn [52, 53] for the constants Bv, D,, Hv. The precision of these values is discussed below. Therefore, a hyperfine spectrum is made of a number of main lines equal to the number of hyperfine sublevels in the excited (or in the ground state). Weaker AF = 0 lines are observed either directly [33, 18, 19] or through crossover resonances with the main lines [18, 40] (and present work). [25, 26] on the data of reference [25] . The large correfation between upper and lower state corresponding constants precludes the fit of all the parameters, and following the previous works, we have fitted only eq' Q, C', d', ô' and eq" Q. All the other constants are taken equal to zero, although they are not obviously so. The comparison between these results and previous results should be mainly made on the differences DeqQ = eq' Q -eq" Q, AC, Ad, Ob.
The quality of these fits appear clearly in tables 1 and II. First of all, the standard deviations of these fits are just around 1 kHz : 1.07 kHz for P(13) and 0.72 kHz for R (15) . This is considerably smaller than the best standard deviations obtained by Ezekiel [38] : 5.4 kHz for P(13) and 2.6 kHz for R (15) . A second point is that àeqQ, I1d, Ab are almost the same for P(13) and R(15). This is a very important test of the quality of our data. The quantity AC = C' -C" is not the same for P(13) and R(15); this is a consequence of the non validity of the assumption C" = 0. This effect will disappear if we remove this assumption. We will do this, with the introduction of the crossovers. In the absence of the crossovers, C' and C" are extremely correlated and the results of such fits are meaningless.
It is important to note that l1eqQ is the same for P(13) and R(15) within 10 kHz. This constancy cannot be the result of a parallel variation of eq' Q and eq" Q of 1.4 MHz when going from P(13) to R(15) as it appears by inspection of table II. We feel that eq' Q and eq" Q must be both constant, at least in the 10 kHz range, when going from P(13) to R (15 The fits are satisfactory only if we release C" because this constant has a rather large effect. As the available new information is limited, tentatives to release also d" and b" do not give good results. These fits are described in tables IV and V. The first comment is that their standard deviation remains very good :
1.55 kHz for P(13) and 1.33 kHz for R (15) .
The second important result is that eq' Q and eq" Q are now almost the same for P(13) and R (15) . This agreement is highly satisfactory. Similarly, the values of C' and C" are in good agreement for P (13) and R(15) the standard deviation on C' and C" is a lot larger for P(13) than for R(15) because the crossovers introduced have not the same sensitivity to C' and C" in both cases ; more precisely a large correlation appears between eq' Q and C' and between eq" Q and C" for P(13) but not for R (15) . However the two values of AC = C' -C" are in good agreement.
These results may be compared to those of Muenter and Yokoseki [45] . These authors have used optically pumped and detected magnetic resonance to measure the hyperfine structure of the v = 0, J = 13 level (i.e. the lower level of the 43-0 P(13) transition). They have measured twenty AF = ± 1 lines and interpreted these measurements in terms of eq" Q, C", d", ô" with a standard deviation of the fit of 0.63 kHz.
(We have checked their calculation with our program and all hyperfine frequencies agree within 0.1 kHz.) The However this contradiction could be due to our assumption d" = 03B4" = 0, which is contradicted by the results of Muenter.
We have therefore tried to determine if, by using the ground state constants of Muenter and Yokoseki [45] and by fitting only the excited state constants, we could well represent our data. The result is disappointing. If we try to fit the data of table IV (main lines and crossovers), the standard deviations of the fits are 6.07 kHz for P(13) and 4.7 kHz for R (15) . These large standard deviations are mainly due to the crossovers ; it is easy to prove, without any calculation, that there is a contradiction between the data contained in the crossovers and the measurement of Muenter et al. For instance the distance C8-a7, after correction -for the recoil effect, given in table IV, should be exactly one half of the hyperfine frequency I = 5, F" -9, r _ c r', -in ,.,."."",...,.a 1-... BB..
whereas :
The différence, 12 kHz, exceeds by a large amount the cumulated uncertainties. [45] ), in almost all the cases, the standard deviation on each parameter was comparable to the value of the parameter. 4 .4 RESULTS FOR THE OTHER TRANSITIONS STUDIED. was first studied in saturated absorption spectroscopy by Sorem et al. [13] . As this transition is weaker than the 43-0 P(13) and R(15), as the laser line is less powerful, and finally as the crossover intensities decrease rapidly with J, the spectrum is made of only 15 main lines (15 because it is a para state transition). The uncertainty on the hyperfine splittings is estimated to 5 kHz.
We have made two different fits of the experimental data. In the first eq' Q, C', d', b' and eq" Q were fitted ; in the second we have used for the level v" -0, J" = 26 the constants of Muenter determined for the level v" = 0, J " = 13, and only eq' Q, C', d', b' were fitted.
In both cases, the standard deviation is 17.8 kHz. [13] are given also for comparison.
C"=d"=b"=0.
(*) eq" Q, C", d", ô' from reference [45] , see [57, 58, 29] and has been recently studied in saturated absorption spectroscopy by Foth and Spieweck [30] . As this line is rather weak, and as the J value is large, only main lines are observed. Moreover the accuracy of hyperfine splittings is estimated not to be better than 5 kHz in our study of the line.
We have used our computer program to fit our data, and also the data of reference [30] . Our [45] , although the present ground state v" = 1, J = 98 is not the level considered in this reference which is v" = 0, J " = 13. This means that the eq" Q may be inexact by a few MHz [59] [16, 36] . The divergent character of C' has been qualitatively [16] and quantitatively [37] related to a perturbation by two lu states having the same dissociation limit. Reference [36] We see that the measurement of these quantities is a direct proof of the u-g mixing of the B state of iodine near its dissociation limit. The effect of u-g perturbation is often neglected in homonuclear diatomic molecule as it is due only to the hyperfine Hamiltonian. We think that we have given here one of the first experimental evidences.
To go further in the evaluation is clearly very difficult. Evidently the contribution of all the 6 perturbing electronic states should be evaluated using the method established in [37] , but the simplifying assumption used then on the energy denominators is not sufficient hère and the potential curves of these 6 states should be calculated precisely.
It [10] [11] [64] . In June 1979, the CCDM (Comité Consultatif pour la Définition du Mètre) has estimated that the Ar+/I2 system slaved to the a3 resonance could be considered as a reference wavelength for length measurements [65] .
Besides stability and reproducibility an important quality for a frequency standard is absolute accuracy. From our knowledge of the various shifts (unresolved recoil splitting, wavefront curvature shift, pressure shifts, electronic offsets...) the absolute accuracy for the Ar+/I2 frequency standard can be estimated to be of the order of 5 kilohertz. We should be able to reduce this number in the future as we progress in our knowledge of the line shape. Among other factors we need to know the pressure and power dependence of the recoil peaks ratio which can be inferred from the study of crossover resonance intensities.
Finally we have already calculated the intensity of all the resonances in the P(13)/R(15) spectrum including crossover resonances and weak AF = 0 lines. The catalog of these intensities will be published in the forthcoming paper on crossovers but is already available upon request. An important conclusion that can be drawn from this study is the fact that the a3 resonance is well isolated from any adjacent resonance and appears as a very good choice for a reference line.
Appendix A. -The expressions for the various Hamiltonians have been taken from references [9] and [36] .
For JeQ' we have noticed that formula (A.1) of reference [9] when developed, using the 3 J and 6 J litteral expressions of Edmunds [4] can be given a simpler form than equation (A. 4 [36] involves the following 9 J symbol
We have found the expressions for the two non-zero such symbols in Mizushima [62] . However one was false and we have recalculated it. We give here these two expressions :
